Solvothermal reactions are designated as the reactions which use high temperatures and/or high pressure solvents. It is possible to control the acidbase reaction rate, morphology and agglomeration of the products, i.e., well dispersed nanoparticles with high crystallinity can be obtained by solvothermal reactions. Therefore, solvothermal reactions are expected to be used to generate environmentally friendly functional ceramic materials. Actually, various functional ceramics, such as tetragonal zirconia, with excellent thermal stability and mechanical properties, visible light responsive photocatalyst for environmental clean-up, high performance UV-shielding materials, etc. have been fabricated by solvothermal reactions. Unique plate-like ceria microparticles and the new Sn(II) titanate based compound which are impossible to be formed via a normal solid state reaction have also been formed.
Introduction
Recently, much attention has been attracted to the material chemistry to support sustainable development of human society. In order to overcome various problems such as global warming, environmental pollution, drying up of resources, etc., efficient use of energies, development of non-fossil energy using processes and effective production of non-fossil energies are required, and various environmentally friendly functional ceramic materials have been developed in response. It is well known that the strict control of morphology, crystallinity, agglomeration state as well as chemical composition of starting powers is essential to improve the functionality of ceramic materials.
The reactions which use high temperature and/or high pressure solvents are designated as solvothermal reactions. 1) It is well known that the ionic product, K w , and dielectric constant which affect the acidbase reaction and solubility of materials, respectively, greatly change depending on the solvent, temperature and pressure. Therefore, control of the acidbase reaction rate and formation of fine crystals with high crystallinity are possible by solvothermal reactions.
2), 3) In addition, by using appropriate solvents and/or surface modifiers, the morphology and agglomeration of particles can be controlled. 4) Consequently, well dispersed nanoparticles with high crystallinity can be obtained by solvothermal reactions. This may lead to the development of high performance environmentally friendly functional ceramic materials. In this paper, the synthesis of several environmentally friendly ceramic materials via solvothermal reactions is introduced.
Preparation of zirconia and titania nanoparticles by crystallization of amorphous gel in liquid media
Partially stabilized zirconia and tetragonal zirconia polycrystals which retain metastable tetragonal phase at room temperature have been used as environmentally friendly ceramics such as high performance structural materials, precision instrument parts, biomaterials, heat shielding materials, etc., because of their excellent mechanical properties, low thermal conductivity, high biocompatibility as well as excellent chemical stability. However, their mechanical properties are sometimes greatly degraded by low temperature annealing at around 200°C in air because of the formation of microcracks accompanying the tetragonal-tomonoclinic phase transformation during annealing (Fig. 1 ).
5)8)
Since the tetragonal-to-monoclinic phase transformation can be controlled by controlling the surface free energy change, chemical free energy change and strain free energy change, the degradation of zirconia ceramics by low-temperature annealing could be controlled by decreasing the grain size of the zirconia, doping with adequate amounts of stabilizers, such as Y 2 O 3 and CeO 2 , and dispersing other particles such as Al 2 O 3 . 9) Especially, the decrease in the grain size of zirconia to less than 0.5¯m is useful to depress the tetragonal-to-monoclinic phase transformation as well as to improve the mechanical property.
9) Therefore, the synthesis of zirconia powers with high sinterability was studied to fabricate zirconia ceramics consisting of fine grains by sintering at a low temperature. It is generally accepted that a critical parameter that affects sinterability is the state of agglomeration of the starting powders. Solvothermal synthesis using organic solvents, such as alcohol, are one of the promising methods to form softly agglomerated fine powders with high crystallinity, since organic solvents have a lower surface tension and a lower solubility of ceramic powders than water. Figure 2 shows the TEM images of 12 mol % CeO 2 doped ZrO 2 particles fabricated by heat treatment of an amorphous gel precursor at 250°C in methanol and water.
2) Although the gel crystallized around 450°C in air, the crystallization proceeded at a much lower temperature, around 200°C, in the liquid media. This may be due to the difference in the crystallization mechanism, i.e., the crystallization by calcinations proceeds via ionic diffusion in solids, but that by a solution process proceeds by a dissolution precipitation mechanism in a liquid media, as illustrated in Fig. 3 .
2) As expected, the powders prepared in methanol consisted of well dispersed spherical crystals of ca. 5 nm in diameter, whereas that prepared in water consisted of agglomerated larger crystals of ca. 50 nm in diameter. The powders crystallized in methanol and water sintered to full density at 1150 and 1400°C, respectively, whereas that prepared by calcinations in air at 450°C sintered only to 95.2% of theoretical density, even at 1500°C (Fig. 4) .
3) These results suggest that organic solvents play an important role in preventing hard agglomerate formation and crystal growth during crystallization. As a result, it is possible to fabricate tetragonal zirconia ceramics consisted of fine grains less than 0.3¯m by sintering at a low temperature, such as 1200°C, using the powder crystallized in methanol, and almost completely depress the tetragonal-to-monoclinic phase transformation during low-temperature annealing in air and water.
3)
The formation of well dispersed fine crystals with high crystallinity is also useful to improve the photochemical properties of ceramic materials. It is well known that the photocatalytic (b) (a) activity of titania greatly changes depending on the preparation method. Figure 5 shows the photocatalytic activities for hydrogen production in a methanol aqueous solution, specific surface areas and fluorescence life times of titania prepared by the sol gel reaction using titanium tetraisopropoxide to precipitate amorphous titania gel followed by crystallization under various conditions. 10) It can be seen that the photocatalytic activity of amorphous titania gel was much lower than that of the crystallized titania, where the activity greatly changed depending on the crystallization conditions due to the differences in specific surface area and crystallinity. In order to evaluate the crystallinity of the sample, the fluorescence life time can be used. Namely, when titania is photo-exited, electrons and holes are formed. The photo-induced electrons and holes quickly recombine to lose excited energy by generating fluorescence and/or heat, where the fluorescence life time,¸, can be expressed by the following equation.
If the crystallinity of the sample increases, the electronhole recombination rate decreases, consequently, the fluorescence life time increases. It can be seen that, although the amorphous titania precursor possesses a large specific surface area, the photocatalytic activity is poor due to short electron and hole life time because of the large amounts of defects which become the electronhole recombination center. In contrast, the activity greatly increases by crystallizing amorphous titania to anatase, especially the sample crystallized in methanol shows the best photocatalytic activity. The activity of anatase seems to increase with an increase in specific surface area. In addition, anatase crystallized in water and methanol shows longer fluorescence life time than that crystallized in air. These results suggest that the solvothermal reaction using alcohol solvent results to form fine crystals of titania with high crystallinity. This must be the reason why the sample prepared by the solvothermal reaction shows excellent photocatalytic activity.
Preparation of visible light responsive titania photocatalyst by solvothermal homogeneous precipitation reaction
Although titania possesses excellent photocatalytic activity, it can be used only under UV light irradiation due to the large bandgap energy of ca. 3 eV. In order to use sunlight effectively for environmental clean-up the development of high performance visible light responsive photocatalysts is highly desired. Recently, it was reported that the band gap of titania could be narrowed by doping with nitrogen ions since the valence band of the N2p is located above the O2p band.
11),12) Nitrogen ion doped titania powders have been successfully prepared by the solidgas reaction by calcining titania in nitrogen and/or ammonia gas atmospheres and by solidliquid reaction by treating amorphous hydrous titania with an ammonia aqueous solution followed by calcination in air. 13) Both methods need calcination at high temperatures above 600°C and it is suspected that the calcination results in the decrease in nitrogen content and increase in the crystallite size, consequently decrease in the photocatalytic activity. Therefore, nitrogen ion-doped titania nanoparticles were prepared by soft chemical processes such as mechanochemical reaction 14) and homogeneous precipitation under a solvothermal condition 15),16) without calcination. In case of solvothermal reaction, after dissolving the desired amount of hexamethylenetetramine in the titanium trichloride aqueous solution, the solution was heated at 90°C for 1 h to decompose the hexamethylenetetramine to ammonia and formaldehyde and to proceed homogeneous precipitation of amorphous hydrous titania doped with nitrogen, followed by heating at around 200°C to crystallize the sample, where the final solution pH can be adjusted by changing the initial amount of hexamethylenetetramine. The chemical reactions may be written as follows.
Various nitrogen compounds are useful as nitrogen sources, but hexamethylenetetramine shows the best performance. As is generally known, undoped titania is white, but the nitrogendoped titania is yellow. The XRD profiles of the nitrogen-doped titania prepared by the solvothermal reaction using hexamethylenetetramine in water and methanol at 190°C and different final pHs are shown in Figs. 6 and 7, respectively. The products showed broad XRD patterns of TiO 2 due to the nanosize crystals. The crystalline phase of the product changed depending on the solution pH. In water, the samples prepared at pH 1 and 7 were single phase of brookite, while that at pH 9 was single phase of rutile. It is well known that anatase is usually formed by the hydrothermal treatment of amorphous titania. 17) This suggests that hexamethylenetetramine plays an important role in the formation of brookite. In contrast, when methanol was used as a solvent, single phase of anatase was formed at pH 9.
16),18), 19) Therefore, by selecting the reaction solvent and pH, three typical polymorphs of nitrogen-doped titania, rutile, brookite and anatase can be prepared. All samples showed XPS peaks corresponding to nitrogen bonded with titanium around 396 eV as shown in Fig. 8 , and consist of nanoparticles (Fig. 9) , i.e., rutile, anatase and brookite type nitrogen-doped titania possessing quite high specific surface area about 200 m 2 g ¹1 can be obtained by solvothermal homogeneous precipitation reactions. The diffuse reflectance spectra of nitrogen-doped brookite, rutile and anatase powders are shown in Fig. 10 together with that of commercial titania (degussa P25). 19) P25 showed an absorption edge at 420 nm, which is equivalent to the band gap energy of 3 eV. In contrast, all nitrogen-doped titania powders showed two absorption edges around 400 nm corresponding to the original TiO 2 and 600 nm corresponding to the nitrogen doping.
The photocatalytic activities of the samples determined for the oxidative decomposition of nitrogen monoxide using a flow type reactor are shown in Fig. 11 . The photocatalytic activity of undoped titania (P25) under visible light irradiation was poor because of its large band gap energy of about 3 eV, but the nitrogen-doped titania showed excellent photocatalytic activity, even under visible light irradiation above 510 nm.
19) The photocatalytic activities of three different polymorphs were in the order of anatase > brookite > rutile. It is notable that the nitrogen-doped anatase showed more excellent photocatalytic performance than commercial P25, even under UV light ( > 290 nm) irradiation. These results indicate that the visible light responsive photocatalyst can be obtained without loss of the photocatalytic activity under UV light irradiation.
Recently, it was found that three types of polymorphs of undoped titania could be prepared by the hydrothermal reactions using water-soluble Ti-complex, where rutile type of titania prepared using Tiethylenediaminetetraacetic acid complex showed the best performance for oxidative decomposition of NO probably due to the higher specific surface area and crystallinity. 20) These results indicated that the photocatalytic activity of undoped titania and nitrogen-doped titania greatly depends on both the crystalline structure and microstructure.
It is known that the coupling of photocatalyst with semiconductors possessing different band structures and/or metals is useful for improving the photocatalytic activity, since the quick recombination of electrons and holes can be depressed by the heterogeneous electron transfer as illustrated in Fig. 12. 21), 22) The effects of coupling with platinum and iron oxide on the NO destruction activity of nitrogen-doped titania are shown in Fig. 13 , where the LED lumps with different wavelengths but similar light intensity (2 mW/cm 2 ) are used as light sources.
23) It can be seen that undoped titania (TiO 2 ) showed photocatalytic activity only under UV-LED light irradiation ( = 390 nm). In contrast, nitrogen-doped titania showed NO destruction activity under both UV ( = 390 nm) and visible ( = 445 and 530 nm) LED light irradiation. The activity decreased with an increase in Sato: Synthesis of environmentally friendly ceramic materials via solvothermal reactions the light wavelength and the activity under 627 nm LED light was quite low. As expected, the photocatalytic activity of nitrogen-doped titania was greatly improved by coupling with both platinum and iron oxide, i.e., the coupled samples showed excellent photocatalytic activity, even under irradiation with 627 nm LED light. This may be due to the heterogeneous electron transfer to retard quick recombination of photo-induced electrons and holes. It is notable that nitrogen-doped titanina/ iron oxide composite shows similar high activity to nitrogendoped titania/Pt composite.
Preparation of ceria based UV-shielding material by co-precipitation reaction
Since the UV-rays contained in sunlight cause several problems, such as photodegradation of organic materials, discoloration of paintings and damage to human health, the damaging effects of UV rays have recently attracted attention, and various UV-shielding materials have been developed in response. For UV-shielding, the light absorption by the electric transition of semiconductors is used, where the wavelength of the absorbed light is determined by the band gap energy of the semiconductor. In order to cut off UV-rays less than 400 nm in wavelength, semiconductors possessing a band gap energy about 3 eV are used. In addition, UV shielding materials are also expected to be transparent in the visible light range. Light scattering can be depressed by decreasing particle size, and the particles become quite transparent when the particle size is decreased to less than 20 nm, since Rayleigh scattering is proportional to the particle size to the sixth power. Nanoparticles of TiO 2 and ZnO have been commercially used as inorganic sunscreens in personal care products, but it can be seen that CeO 2 can more effectively shield UV ray of less than 400 nm in wavelength (Fig. 14) . 24) It is well known that the high refractive index of titania can make the skin look unnaturally white. In addition, TiO 2 and ZnO possess high photocatalytic activity and generate reactive oxygen species which are suspected to cause damage to DNA in the body. In contrast, ceria possessing a lower refractive index is quite transparent in visible light and looks natural on the skin. In addition, the photocatalytic activity of ceria is quite low. However, because of its high catalytic activity for the oxidation of organic materials, CeO 2 has seldom been used commercially as a sunscreen material. The catalytic activity of CeO 2 may be related to the oxygen evolution and absorption equilibrium reaction shown by Eq. ) is 0.703 which is smaller than that of the ideal value, indicating that Ce 4+ is not large enough to stabilize the fluorite structure. To take on a more stable eight coordination of the fluorite structure, some Ce 4+ would have a tendency to be reduced to Ce 3+ which has a larger ionic radius than Ce 4+ as shown by Eq. (3). Accompanying this reaction, oxygen molecules are released to form oxygen vacancies. Therefore, it can be expected that the oxidation catalytic activity of CeO 2 may be decreased by doping with metal ions, which possess a larger ionic size and lower valence than Ce 4+ . Nanoparticles of metal ion doped CeO 2 were prepared by a simple co-precipitation reaction as follows: After simultaneous addition of appropriate quantities of 3 M NaOH aqueous solution and 0.8 M CeCl 3 0.2 M metal chloride mixed aqueous solution in an adequate amount of water, the desired amount of 2 M H 2 O 2 solution was added while the pH was kept at 12. The chemical reactions can be expressed as Eqs. (4) Sato: Synthesis of environmentally friendly ceramic materials via solvothermal reactions
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As expected, the oxidation catalytic activity of CeO 2 can be reduced by doping with metal ions with large ionic size and lower valence (Fig. 15) . Especially, doping Ca 2+ with CeO 2 showed the best result in stabilizing the fluorite structure of CeO 2 and consequently reduced the oxidation catalytic activity. Therefore, CaO-doped CeO 2 nanoparticles may be a candidate as a new inorganic UV-blocking material for cosmetics and organic polymers. There is another problem of nanaparticles. Inorganic UV-shielding materials are used as nanoparticles in order to attain high transparency by depressing light scattering, but the comfort of nanoparticles is not good because of the agglomeration. It is known that the micrometer sized plate-like particles such as mica, talc, etc. provide good comfort and are used as extender pigments for cosmetics. These plate-like particles are often used to improve the comfort of inorganic UV shielding nanoparticles. The combination of UV-shielding inorganic nanoparticles and plate-like particles such as mica and talc, however, results in a decrease in the UV-shielding performance since these materials do not possess UV-absorption ability. Accordingly, CaO-doped CeO 2 nanoparticles were coupled with plate-like particles of lepidchrocite type potassium lithium titanate, K 0.81 Li 0.27 Ti 1.73 O 4 , possessing UV-absorption ability via the co-precipitation method. Namely, after dispersing plate-like K 0.81 Li 0.27 Ti 1.73 O 4 particles in deionized water, appropriate quantities of an NaOH aqueous solution and CeCl 3 CaCl 2 mixed aqueous solution were simultaneously dropped. Then, the desired amount of H 2 O 2 solution was added. The slurry was filtrated and washed with water and methanol, and then fired at 700°C to obtain K 0. 81 (Fig. 16) .
24)
The kinetic friction coefficients of the artificial leather before and after applying various sample powders determined using a friction tester are shown in Fig. 17 .
24) Plate-like K 0.81 Li 0.27 -Ti 1.73 O 4 showed low kinetic friction coefficient similar to BN (Mizushima Ferroally Co., SHP-4) which is known as a solid lubricant. Conversely, Ce 0.8 Ca 0.2 O 1.8 nanoparticles showed a higher kinetic friction coefficient similar to that of cosmetic grade TiO 2 nanoparticles (Ishihara Sangyo Co., TTO-55A). As expected, the kinetic friction coefficient of K 0. 8 and was almost identical to that of cosmetic grade talc coated with 50 mass % tiania (Catalysts & Chemicals Ind. Co., Coverleaf PC-2055T), indicating that plate-like K 0. 8 Li 0.27 Ti 1.73 O 4 is useful as a means to improve the comfort of applying Ce 0.8 Ca 0.2 O 1.8 nanoparticles on the skin. 24) As shown in Fig. 18 decreased by mixing with mica because mica does not possess UV-shielding ability. In contrast, the UV shielding ability of K 0. 81 Since the coupling of CeO 2 nanoparticles with plate-like microparticles is one of the best ways to improve the comfort of use, if plate-like ceria microparticles could be obtained, they would be expected to show excellent comfort as well as UVshielding ability. However, the formation of plate-like CeO 2 microparticles seems to be difficult because of the cubic fluorite type crystal structure. Recently, we first found that the plate-like single crystals of Ce 2 (CO 3 ) 3 ·8H 2 O can be synthesized by a facile solution reaction of Cerium(III) nitrate and sodium hydrogen carbonate at around room temperature.
26) The plate-like CeO 2 particles with a similar morphology can be obtained by calcination of the plate-like precursors in air at 400°C as shown in Fig. 19 . The reaction seems to proceed as follows:
Cerium carbonate precipitates as amorphous gel at first and then crystallized quickly, even at low temperature such as 25°C. Since Ce 2 (CO 3 ) 3 ·8H 2 O consists of a unique two dimensional layer structure, it tends to grow as plate-like crystals. Since the particle size and aspect ratio of the plate-like Ce 2 (CO 3 ) 3 ·8H 2 O precursor can be controlled by precisely adjusting the pH value of the reaction solution and/or by controlling the solution composition, a well-defined ceria with plate-like morphology can be prepared. One dimensional bundle-like CeO 2 nanofibers could also be directly prepared by the hydrothermal reaction of Ce(NO 3 ) 3 -urea system around 150°C. 27) Although the bundle-like product consisted of single phase CeO 2 , it was suspected that one dimensional precursor, such as Ce(OH) 3 and CeOHCO 3 , was formed at first and then oxidized to CeO 2 by NO 3 ¹ , since it is well known that Ce(OH) 3 and CeOHCO 3 with hexagonal structure tend to grow as one dimensional rod-like and/or fibrous particles.
26)

Synthesis of a new Sn(II) titanate
Pb(II) compounds are widely used as piezoelectric ceramics, however, it is required to develop environmentally friendly leadfree materials. Sn which is located just above Pb on the periodic table of elements belongs to the IV group elements just as Pb does. Thus, the electrical configurations of Sn(II) compounds may be similar to those of Pb(II) compounds. Actually, it is estimated that Sn(II) titanate shows excellent ferroelectricity similar to Pb(II) titanate by first principle calculations, 28) however, Sn(II) titanate has not been obtained via conventional ceramic processing routes, i.e., solid state reactions, because of the disproportionation reaction of Sn(II) to Sn and Sn(IV) at high temperatures. A solvothermal process is a powerful method for the synthesis of materials being stable only under mild conditions, since the chemical reaction of inorganic materials can be greatly accelerated under solvothermal conditions. Thus, a solvothermal process seems to be one of the best ways to realize the low temperature synthesis of Sn(II) titanate. We have been the first to succeed in synthesizing a new Sn(II) titanate based compound by a microwave assisted solvothermal reaction 29) of an SnF 2 aqueous solution, Ti(i-C 3 H 7 O) 4 Fig. 19 . SEM images of (a) plate-like carbonate precursor formed at pH 4.81 and 25°C for 24 h, and (b) plate-like ceria particle synthesized by calcination of (a) at 400°C for 1 h. ideal structure model is drawn with VESTA 33) in Fig. 21 . Although, since the obtained compound consists of the pyrochlore phase, it does not show the desired pyroelectric property, this may be a starting point to develop Sn(II) titanate based Pb(II) free piezoelectric ceramics.
Concluding remarks
Since it is possible to control the acidbase reaction rate, morphology and agglomeration of products by solvothermal reactions which use a high temperature and/or high pressure solvents, well dispersed nanoparticles with high crystallinity can be obtained by solvothermal reactions under mild conditions. Actually, various environmentally friendly functional ceramic materials, such as tetragonal zirconia, with excellent thermal stability and mechanical properties, visible light responsive photocatalysts with excellent environmental clean-up ability and high performance UV-shielding materials are realized by solvothermal reactions. It is also notable that unique plate-like ceria microparticles and a new Sn(II) titanate based compound, which are impossible to be formed via normal solid state reaction, are successfully obtained by solvothermal reactions. These results emphasize that significant contributions are expected for the development of new functional materials being useful for sustainable development of human society in the future via solvothermal reactions. 
